Field portable X-ray fluorescence (pXRF) spectrometers are routinely used in mineral resources studies. To date, mineral resources studies have largely focussed on the application of pXRF to the exploration for deposits of base and precious metals. By contrast, studies using pXRF for the quantification of critical elements in geological materials are scarce since these elements are difficult to determine with energy-dispersive pXRF technology. This study explores the capability of pXRF spectrometers to detect and quantify critical elements (Ba, P, Nb, V, Co, REE, W, Bi, Hf, and Ta) in certified reference materials (CRMs). While precision of many critical elements is acceptable (<20% RSD), accuracy can be poor (>50% difference) when using pre-installed factory calibration software. Spectra collected during the pXRF measurements show that poor accuracy and false positives tend to be associated with spectral interferences. Distinct combinations of spectral interferences (line overlaps, Compton scattered peaks, and Si escape peaks) were observed in the different matrix types. Our results show that critical elements may be determined in common geological materials when pronounced peaks occur in the spectra and that matrix-match of standards and samples is essential. Hence, XRF spectra should be routinely reviewed to identify erroneous quantification due to spectral interferences.
Introduction
The latest generation of field portable X-ray fluorescence (pXRF) spectrometers yields quantitative geochemical data and, therefore, is increasingly used in a wide range of applications [1] [2] [3] [4] [5] [6] . The potential of quick in situ analysis coupled with the instant display of results makes this technology particularly appealing for the mining industry. Most of the mineral resources-related pXRF projects have focussed on base and precious metals and have shown that this technology, when appropriately used, may yield data of sufficient quality for exploration and geochemical comparison [7] [8] [9] [10] [11] [12] [13] [14] [15] .
To date, pXRF spectrometers have rarely been used for mineral commodities of critical elements as defined by the European Commission (e.g., REEs, Ba, P, V, Co, Nb, Hf, Ta, W, Bi, PGM) [16] . Many critical elements are only poorly determined in geological materials by the energy-dispersive pXRF technology, even though EDXRF is the best technique for some of them (Nb, Hf, Ta) [3] . Obtaining pXRF results for the latter elements is hampered by their often low concentrations in geological materials and high instrumental LODs [3] . Moreover, the poor performance of energy-dispersive pXRF for some other elements can be attributed to spectral interferences, matrix effects often found in geological materials, and relatively low excitation energy of the X-ray source [17] . A 40 to 50 kV are certified for the elements of interest of this study and some CRMs have not been analysed for their critical element concentrations. This has limited our conclusions for some elements (e.g., Bi, Pd, Pt, Ta, Sb). The powdered reference materials were air-dried, shaken, filled into XRF sample cups to a height of 1 cm (Series 1330, Chemplex Industries, Inc., Palm City, FL, USA), covered with 4 µm Prolene ® thin film, and backfilled with polyester stuffing. 
Instrument Settings
A Bruker S1 Titan 800 handheld XRF analyser (Bruker, Billerica, MA, USA) equipped with a 4 W, 50 kV Rh target X-ray tube, a fast silicon drift detector, and an ultralene window was used in this study. The analyser is provided with Bruker's Geochem calibration package, which is based on a single set of empirical calibrations combining various matrices [31] . The GeochemTrace mode provides a Compton ratio standardisation and the GeochemGeneral mode provides a standardisation based on fundamental parameters. Every measurement consisted of two successive phases; the first phase operates at 45 kV and 7.1 µA using a TiAl filter, and the second phase runs at a lower energy of 15 kV and 17.45 µA without a filter. The dual phase measurements enable the analysis of up to 45 elements, including the light elements Mg, Al, Si, P, and S. Both phases must be employed to obtain accurate results [31] . Spectral data were recorded for both phases (45 kV and 15 kV) for every measurement. The analyser uses the Kα line for the quantification of elements up to Ba. For the quantification of Ba and La, the Kα line, as well as Lα line are used. Cerium is quantified by the Lβ line and heavier elements like Hf, Ta, W, Bi, Th, and U are quantified using the Lα line.
The analyser was operated in a benchtop stand using an AC adapter to create the ideal measurement conditions for the sample cups. The analyser was allowed to warm up for a minimum period of 45 min before measurements, which was followed by 5-10 warm-up analyses. The factoryinstalled calibration package was used as provided and the only parameter adjusted was the length of each phase, i.e., the measurement time. Each CRM was analysed five times on distinct spots with a phase length of 60 s, yielding a total measurement time of 120 s. The average, the standard deviation, the relative standard deviation (RSD), and the relative difference between the pXRF average and the reference value (% difference) were calculated for the five consecutive measurements. The RSD value is used to assess the precision or reproducibility of the data and the relative difference is an estimate for accuracy of the data. When only one of the five measurements yielded a result, this result was excluded from the data.
The limit of detection (LOD) is the lowest concentration at which an element can be detected, yet not quantified. The LOD depends on a variety of factors, including instrumental characteristics, sample matrix and measuring time [18] . In pXRF studies, the LOD is frequently assessed as three times the standard deviation of replicate analysis of standards that contain relatively low concentrations of the element of interest [7, 32] . Here, we adapted this method to estimate LODs of critical elements in CRM groups of similar matrices (Table 2) . For each group, repeat measurements of the CRM with the lowest concentration of the element of interest were used to calculate the LOD as three standard deviation. In cases where the pXRF spectrometer did not yield results, but instead displayed "<LOD", the associated three sigma error computed by the instrument software, was used as an estimate for the limit of detection. The LODs presented in this study are optimal due to measurements under laboratory conditions using an AC adapter. In the field the effects of battery charge, as well as temperature and barometric pressure, may result in higher LODs. 90  160  430  350  330  120  La  341.54  343  high conc 3  373  374  370  Ce  85  93  high conc 3  107  126  115  Ba  188.4  168  232  219  241  184  V  8  13  12  9  29  11  Co  5  5  5  3  4  18  Nb  2  5  high conc 3  6  9  5  Zr  3  7  7  4  7  5  Hf  6  22  20  24  22  25  Ta  4  9  10  7  13  11  W  6  7  10  8  14  7  Bi  12  15  20  17  16  14 1 LOD for quartz matrix is specified by Bruker at 3σ confidence level and 120 s measurement time. 2 LOD for CRM groups is based on 3σ of repeat measurements of CRM with the lowest concentration of the element of interest. When no data were available for an element (<LOD), the 3σ computed by instrument was adopted as LOD. 3 The REE-rich CRMs have elevated concentrations of La, Ce, and Nb, which impede an estimate of LODs.
Monitoring of pXRF Performance
A quality assurance and control (QA/QC) routine has been recommended by various pXRF studies [25, 26, 29, 30] . The QA/QC routine in this study involves the analysis of standards, blanks, and replicates. At the beginning of every measurement session, the sample (CS-M2) supplied by the manufacturer, Bruker, was analysed using the recommended settings (GeochemTrace mode, 30 s each phase, 10 consecutive measurements) to check the general instrument performance. Analysis of the performance check sample was followed by analysis of a quartz blank (MB060) to exclude potential contamination of the instrument. After 20 to 40 measurements, the performance check sample and the blank were re-analysed. Three certified reference materials (NIST 2780, NIST 2704, and CGL 126) were repeatedly measured.
Results
This section presents and discusses selected data collected in GeochemTrace mode (P 2 O 5 , Ba, V, Co, Hf, Ta, W, Nb, Zr, Bi, Sb) and GeochemGeneral mode (La, Ce). Results and statistical parameters of the CRM measurements are provided in Table 3 . Raw data of pXRF measurements are available in Supplementary  Table S1 . Statistical parameters of all elements measured are provided in Supplementary Table S2. 
Monitoring of pXRF Performance and General Observations
The warm-up behaviour of the Bruker S1 Titan during a measurement day is shown in Figure 1 . Rapid heating during the first 30 min of measurements is followed by a steady increase of the nose temperature over a four-hour interval. The temperature curve is mimicked by the concentration curves of light elements (e.g., SiO 2 , K 2 O, Al 2 O 3 ), whereas heavier elements (e.g., Fe, Cu) do not seem to be affected. Nevertheless, the light element concentrations are still within ±5% of the expected values. Steiner et al. [21] reported a similar behaviour of their instrument, which shows an increase of total intensity with increasing temperature over a measurement day. In order to prevent the influence of this warming effect on element concentrations of light elements, the warm-up measurements collected in the first 30 min are excluded from the dataset. 
The warm-up behaviour of the Bruker S1 Titan during a measurement day is shown in Figure 1 . Rapid heating during the first 30 min of measurements is followed by a steady increase of the nose temperature over a four-hour interval. The temperature curve is mimicked by the concentration curves of light elements (e.g., SiO2, K2O, Al2O3), whereas heavier elements (e.g., Fe, Cu) do not seem to be affected. Nevertheless, the light element concentrations are still within ±5% of the expected values. Steiner et al. [21] reported a similar behaviour of their instrument, which shows an increase of total intensity with increasing temperature over a measurement day. In order to prevent the influence of this warming effect on element concentrations of light elements, the warm-up measurements collected in the first 30 min are excluded from the dataset. 
Analysis of Certified Reference Materials
A variety of critical elements and element proxies was detected in the different CRM groups (Table 3, Figure 2 ). P2O5, Ba, V, Nb, and Zr were detected in 50-100% of the CRMs analysed in this study, while only REE-rich CRMs yielded results for La, Ce, and Hf. Results for Co, Bi, and W were obtained for some sediments, ores, and mine waste CRMs. Tantalum and Sb could only be detected in REE-1, CRM-3, and NIST2780. LODs estimated for the individual CRM groups tend to be higher than those in a clean quartz matrix owing to more complex matrix compositions (Table 2) . A 
A variety of critical elements and element proxies was detected in the different CRM groups (Table 3, Figure 2 ). P 2 O 5 , Ba, V, Nb, and Zr were detected in 50-100% of the CRMs analysed in this study, while only REE-rich CRMs yielded results for La, Ce, and Hf. Results for Co, Bi, and W were obtained for some sediments, ores, and mine waste CRMs. Tantalum and Sb could only be detected in REE-1, CRM-3, and NIST2780. LODs estimated for the individual CRM groups tend to be higher than those in a clean quartz matrix owing to more complex matrix compositions (Table 2) . A comparison of the LODs estimated for the different CRM groups (Table 2 ) with the CRM reference values (Table 3) indicates that pXRF yielded some erroneous results for elements which are, in fact, below the LOD (numbers in italics for V, Co, W, and Bi in Table 3 ). comparison of the LODs estimated for the different CRM groups (Table 2 ) with the CRM reference values (Table 3) indicates that pXRF yielded some erroneous results for elements which are, in fact, below the LOD (numbers in italics for V, Co, W, and Bi in Table 3 ). Critical elements are frequently under-or overestimated by pXRF and clearly deviate from the 1:1 line (e.g., V, Nb, Co, Zr in the sediments; La, Ce in the REE-rich CRMs) or scatter around the 1:1 line (e.g., P2O5 in sediments, ore, and tailings of CRMs; Ba in sediments) (Figure 2 ). Bias might be attributed to the instrument calibration, whereas the observed scatter seems to be associated with sample characteristics. Precision of the critical elements in CRMs is acceptable when RSD values are below 15-20%. In our dataset, elevated RSD values (>20%) tend to be associated with higher differences to the certified reference values and occasionally low element abundances (Table 3) . Highly erroneous concentrations (well above 100% difference) are frequently observed in REE-rich CRMs. Additionally, erroneous concentrations of some elements are also found in other CRMs (e.g., Co in ores and sediments; V, Co, and Zr in SARM-7) (Table 3) . Highly erroneous concentrations are partly associated with low element abundances approaching or falling below the LOD (e.g., Bi, Co).
Spectral Interferences on Critical Elements
Severely and erroneously overestimated element concentrations indicate that the presence of another element may interfere with the correct quantification (e.g., [3] ). In order to assess the role of potential spectral interferences, we examined the low and high energy regions of representative spectra Critical elements are frequently under-or overestimated by pXRF and clearly deviate from the 1:1 line (e.g., V, Nb, Co, Zr in the sediments; La, Ce in the REE-rich CRMs) or scatter around the 1:1 line (e.g., P 2 O 5 in sediments, ore, and tailings of CRMs; Ba in sediments) (Figure 2 ). Bias might be attributed to the instrument calibration, whereas the observed scatter seems to be associated with sample characteristics. Precision of the critical elements in CRMs is acceptable when RSD values are below 15-20%. In our dataset, elevated RSD values (>20%) tend to be associated with higher differences to the certified reference values and occasionally low element abundances (Table 3) . Highly erroneous concentrations (well above 100% difference) are frequently observed in REE-rich CRMs. Additionally, erroneous concentrations of some elements are also found in other CRMs (e.g., Co in ores and sediments; V, Co, and Zr in SARM-7) (Table 3) . Highly erroneous concentrations are partly associated with low element abundances approaching or falling below the LOD (e.g., Bi, Co).
Severely and erroneously overestimated element concentrations indicate that the presence of another element may interfere with the correct quantification (e.g., [3] ). In order to assess the role of potential spectral interferences, we examined the low and high energy regions of representative spectra of each CRM collected during the pXRF measurements (Figures 3-6) . Here, we present spectral interferences and their influence on the quantification algorithms of the Bruker S1 Titan 800. The observations are not necessarily the same for instruments of other manufacturers.
3.3.1. Low-Energy Region of the Spectral Data (0-10 keV)
Phosphorus: The P 2 O 5 concentration is highly overestimated in MP-2a and REE-1 ( Table 3 ). The P Kα 1 -and Kα 2 -lines (2.0137 and 2.0127 keV) are close to the Y Lβ 1 -line (1.9958 keV), the Mo Ll-line (2.0157 keV) and the Zr Lα 1 -and Lα 2 -lines (2.0424 and 2.0399 keV) (Figure 3) . The high Zr content (1.91%) of REE-1 associated with a relatively low P content (0.0261%) may be responsible for the highly erroneous phosphorus pXRF result of REE-1. Although the spectrum of MP-2a does not show a clear peak at ca. 2 keV, it is suggested that the high Mo content of MP-2a (0.1586%) and low P concentration (90 ppm) may result in an overestimation of the P 2 O 5 concentration by pXRF. Additionally, a pronounced peak located at approximately 1.95 keV is observed in COQ-1 and REE-2, which show moderate deviations of P 2 O 5 from the reference values ( Figure 3 ). Since both CRMs have relatively low Y concentrations (81 ppm and 176 ppm), it is unlikely that this peak is related to the L-Lines of Y. It is suggested that this peak is the Si escape peak for the Ca Kα 1 -and/or Kα 2 -lines, which occurs 1.74 keV below the Ca K-lines (3.6917 and 3.6881 keV) [4] . of each CRM collected during the pXRF measurements (Figures 3-6 ). Here, we present spectral interferences and their influence on the quantification algorithms of the Bruker S1 Titan 800. The observations are not necessarily the same for instruments of other manufacturers.
Phosphorus: The P2O5 concentration is highly overestimated in MP-2a and REE-1 ( Table 3 ). The P Kα1-and Kα2-lines (2.0137 and 2.0127 keV) are close to the Y Lβ1-line (1.9958 keV), the Mo Ll-line (2.0157 keV) and the Zr Lα1-and Lα2-lines (2.0424 and 2.0399 keV) (Figure 3) . The high Zr content (1.91%) of REE-1 associated with a relatively low P content (0.0261%) may be responsible for the highly erroneous phosphorus pXRF result of REE-1. Although the spectrum of MP-2a does not show a clear peak at ca. 2 keV, it is suggested that the high Mo content of MP-2a (0.1586%) and low P concentration (90 ppm) may result in an overestimation of the P2O5 concentration by pXRF. Additionally, a pronounced peak located at approximately 1.95 keV is observed in COQ-1 and REE-2, which show moderate deviations of P2O5 from the reference values ( Figure 3 ). Since both CRMs have relatively low Y concentrations (81 ppm and 176 ppm), it is unlikely that this peak is related to the L-Lines of Y. It is suggested that this peak is the Si escape peak for the Ca Kα1-and/or Kα2-lines, which occurs 1.74 keV below the Ca K-lines (3.6917 and 3.6881 keV) [4] . La, Ce, Ba: Due to high LODs of La and Ce, results could only be obtained for REE-rich CRMs (La, Ce) and some additional reference materials (Ce) ( Table 3 ). The La Lα1-and Lα2-lines (4.651 and 4.6342 keV) and the Ce Lα1-and Lα2-lines (4.8402 and 4.823 keV) are commonly used for quantification (Figure 4) . Although the proprietary algorithm also uses the La K-lines (>30 keV), these lines were only observed in REE-2 and REE-1 (Figure 6a ). REE-1, which has the highest Ti La, Ce, Ba: Due to high LODs of La and Ce, results could only be obtained for REE-rich CRMs (La, Ce) and some additional reference materials (Ce) ( Table 3 ). The La Lα 1 -and Lα 2 -lines (4.651 and 4.6342 keV) and the Ce Lα 1 -and Lα 2 -lines (4.8402 and 4.823 keV) are commonly used for quantification (Figure 4) . Although the proprietary algorithm also uses the La K-lines (>30 keV), these lines were only observed in REE-2 and REE-1 (Figure 6a ). REE-1, which has the highest Ti concentration (0.384%) of the REE-rich CRMs, shows the largest deviation of La from the reference value. The Ti Kα 1 -and Kα 2 -lines (4.5108 and 4.5049 keV) lie within 145 eV, i.e., the specified resolution of the SDD detector, of the La Lα 1 -and Lα 2 -lines (Figure 4b) . The high Ti concentration might contribute to the overcorrection and, hence, underestimated concentration of La. Cerium concentrations of REE-2 and COQ-1 were erroneously determined by pXRF. The spectra show that the Ba 
V, Co:
The spectral data indicate that various element interferences might be responsible for the poor accuracy of V concentrations observed in the various CRM matrices (Figure 4c) . The V Kα1-and Kα2-lines (4.9522 and 4.9446 keV) overlap with the Ti Kβ1,3-line (4.9318 keV), and are within 145 eV, i.e., the specified resolution of the SDD detector, of the Ce Lα1-and Lα2-lines and the Ba Lβ1-line (Figure 4c ). The high Ce and Ba contents of REE-1 and REE-2 probably contribute to the highly overestimated V concentrations. In SARM-7, the high Cr concentration (0.6% Cr2O3) may result in highly overestimated V concentrations. It seems that high Ti contents of mine wastes and sediments (e.g., NIST 2780, TILL-2) lead to a slight overcorrection of V by pXRF in these CRM groups. Cobalt concentrations determined by pXRF are frequently inaccurate. In most cases, this is due to Fe concentrations, since the Fe Kβ1,3-line (7.058 keV) lies within 145 eV of the Co Kα1-and Kα2-lines (6.9303 and 6.9153 keV). Since the SDD detector cannot resolve the Co and Fe energy lines, the proprietary calibration algorithm must calculate Co concentrations. The algorithm seems to be better suited for the sediment CRMs (2.7-4.8% Fe) than for other CRMs that have higher Fe concentrations. Hf, Ta, W: Spectral interferences on Hf, Ta and W are shown in Supplementary Figure S1 . Hafnium could only be determined in two CRMs with elevated concentrations (CGL 126, 400 ppm and REE-1, 479 ppm). Spectra of these two CRMs show a distinct peak at the Hf Lα1-and Lα2-lines (7.899 and 7.8446 keV). In all other CRMs, the presence of Cu masks Hf contents since the Cu Kα1-and Kα2-lines overlap with the Hf Lα-lines. The Ta Lα1-and Lα2-lines (8.1461 and 8.0879 keV) overlap with the Cu Kα1-line (8.0478 keV) and, therefore, Ta is concealed by high Cu concentrations. Although REE-1 contains 231 ppm Ta and only 79.7 ppm Cu, Ta could not be quantified correctly by the proprietary calibration algorithm. It is suggested that the proprietary calibration algorithm performs a Cu-correction for REE-1, because the spectrum of REE-1 is elevated in the Cu energy region due to high Hf and heavy REE concentrations. Tungsten tends to be underestimated by pXRF, but is highly overestimated in REE-1 and RTS-3a. In the latter, W is actually below the detection limit. In RTS-3a and some other CRMs, the presence of high Zn concentrations (Zn Kα1 8.6389 and Kα2 8.3352 keV) seem to influence the accurate quantification of tungsten. REE-1 contains 678 ppm of Yb and although Yb cannot be quantified by the proprietary algorithm, the Yb peak (Lβ1 8.4018 keV) is visible in the Hf, Ta, W: Spectral interferences on Hf, Ta and W are shown in Supplementary Figure S1 . Hafnium could only be determined in two CRMs with elevated concentrations (CGL 126, 400 ppm and REE-1, 479 ppm). Spectra of these two CRMs show a distinct peak at the Hf Lα 1 -and Lα 2 -lines (7.899 and 7.8446 keV). In all other CRMs, the presence of Cu masks Hf contents since the Cu Kα 1 -and Kα 2 -lines overlap with the Hf Lα-lines. The Ta Lα 1 -and Lα 2 -lines (8.1461 and 8.0879 keV) overlap with the Cu Kα 1 -line (8.0478 keV) and, therefore, Ta is concealed by high Cu concentrations. Although REE-1 contains 231 ppm Ta and only 79.7 ppm Cu, Ta could not be quantified correctly by the proprietary calibration algorithm. It is suggested that the proprietary calibration algorithm performs a Cu-correction for REE-1, because the spectrum of REE-1 is elevated in the Cu energy region due to high Hf and heavy REE concentrations. Tungsten tends to be underestimated by pXRF, but is highly overestimated in REE-1 and RTS-3a. In the latter, W is actually below the detection limit. In RTS-3a and some other CRMs, the presence of high Zn concentrations (Zn Kα 1 Bi: The calibration algorithm yielded some highly erroneous Bi results for CRMs, which have Bi contents below the pXRF detection limit (REE-1, REE-2, MAG-1, TILL-2). The false positives may be due to spectral interferences from As K-lines, Pb L-lines, and Th L-lines, which are close to the Bi Llines. Although generally not observed in our spectral data (possible exception: RTS-3a, 20.49 % Fe), Fe sum peaks may also result in an overestimation of Bi concentrations [10] .
Nb, Zr: Niobium can be determined accurately at high concentrations (COQ-1, 3900 ppm), but is frequently underestimated by pXRF at low concentrations and in light matrix types (e.g., sediments, granite CRM-3) ( (Figure 5 ). Moreover, a relatively broad and ill-defined peak is visible in all of our CRM spectra at approximately 19.05 keV ( Figure 5 ). This is likely the Rh Kα Compton peak of the Rh X-ray target produced by inelastic scattering [19] . Since inelastic scattering depends on the average atomic number of the matrix and has a larger intensity in light matrices [33] , the Rh Compton peak is higher in sediments and CRM-3. It is assumed that higher Rh Compton peaks lead to an overcorrection of Nb concentrations in the lighter matrix CRMs.
Zirconium is determined with high precision and accuracy in most CRMs, but is highly overestimated by pXRF in REE-2 and COQ-1 (Table 3) . For comparison, all REE-rich CRMs are shown in Figure 6 . The Zr Kα1-and Kα2-lines (15.7751 and 15.6909 keV) are close to the Sr Kβ-lines (15.8357, Bi: The calibration algorithm yielded some highly erroneous Bi results for CRMs, which have Bi contents below the pXRF detection limit (REE-1, REE-2, MAG-1, TILL-2). The false positives may be due to spectral interferences from As K-lines, Pb L-lines, and Th L-lines, which are close to the Bi L-lines. Although generally not observed in our spectral data (possible exception: RTS-3a, 20.49 % Fe), Fe sum peaks may also result in an overestimation of Bi concentrations [10] .
Zirconium is determined with high precision and accuracy in most CRMs, but is highly overestimated by pXRF in REE-2 and COQ-1 (Table 3) . For comparison, all REE-rich CRMs are shown in Figure 6 . The Zr Kα 1 -and Kα 2 -lines (15.7751 and 15.6909 keV) are close to the Sr Kβ-lines (15.8357, 15.8249 and 16.0846 keV). Since REE-2 and COQ-1 have high Sr contents (2300 ppm and 12,000 ppm), the pronounced Sr peaks seem to be the reason for the highly erroneous Zr concentrations. No elemental overlap is obvious in SARM-7, and we assume that the low Zr content (10 ppm) associated with a moderate Sr content (50 ppm) results in the erroneous result.
Discussion

Analysis of Critical Elements
When not present at high concentrations, critical elements are difficult to determine using pXRF technology (e.g., [3, 13] ). Our results suggest that many critical elements can only be determined with moderate accuracy (Figure 2 , Table 3 ). Some elements (Co, Bi, W), which are below the pXRF detection limit in many CRMs, yielded false positives. Examination of the energy spectra corresponding to the pXRF measurements showed that inaccuracy of concentrations and false positives are mostly caused by spectral interferences (such as Fe for Co or As-Pb for Bi) (Figures 3-6 ). Overlaps of interfering elements particularly affect critical elements that are present in low concentrations. At higher concentrations, i.e., when a pronounced element peak is present in the spectra, spectral interferences tend to have less effect on critical elements (e.g., Bi in ores, Hf in REE-rich CRMs), which is consistent with previous studies [3, 12] . Moreover, CRMs with a silicate matrix and a low amount of interfering elements (sediments in our study, but generally silicoaluminate rocks) seem to yield more reliable results for elements, whose quantification is influenced by overlapping elements (e.g., Co by Fe, V by Ti). However, light matrices are more susceptible to Compton scattering [33] and the sediment CRMs analysed in this study show a pronounced Rh Kα Compton peak, which interferes with the quantification of Nb. In CRMs with specific matrices, such as REE-rich CRMs, many critical elements tend to be erroneously quantified [3] . The high REE contents interfere with transition metals (Ti, V, Cr) occurring in the low energy region of XRF spectra. Additionally, high Sr, Ba, and Ca contents of carbonatites interfere with Zr, Ce, and P, respectively. In summary, any element present in a sample at an unusually high concentration may interfere with other elements of similar characteristic X-ray lines and severely compromise quantification.
Limitations of pXRF
Matrix effects and spectral interferences, which strongly affect the data [3, 17] , cannot completely be corrected by proprietary calibration algorithms. It is important to note that manufacturers use different quantification algorithms and that instruments from other manufacturers might handle some interferences causing difficulties in our study differently [3] . Some manufacturers offer specialised calibration software that can account for spectral interferences and matrix effects [4, 21, 28] , however, it would be clearly advantageous if spectral data were exported to external software for post-processing. Since pXRF spectrometers use a region of interest method rather than a full deconvolution, post-processing of net-intensity spectral data may yield more accurate results.
Although Bruker's factory calibration software takes into account samples of various matrices [31] , the results for geological materials are still frequently inaccurate. Hence, in order to correct inaccurate data, users have to establish their own calibrations based on matrix-matched standards and well-characterised samples containing the elements of interest at different concentration levels. Commonly, the data is corrected and re-calibrated by post-processing using correction factors based on simple linear regression (e.g., [7, 10, 15, 25, 26] ). This may work for elements that show only minor to moderate inaccuracy, i.e., bias, however, this method may not be appropriate for elements yielding highly erroneous results, like false positives (e.g., Bi, W, Co in our dataset; Zr, Ce in carbonatites). False positives can only be detected in the spectral data and cannot be corrected for.
Implications
Some critical elements can be reliably determined by pXRF in relatively simple geological matrices and when present at sufficiently high concentrations (e.g., [3, 13] ). This study focussed exclusively on CRMs, which are homogeneous, and the materials were analysed under ideal measurement conditions. When measuring field samples, however, precautions have to be taken regarding sample homogeneity. Larger errors are to be expected in "real" geological samples [15, 25] . Test runs are required (i) to determine whether a desired critical element can be measured in the matrix of interest; (ii) to establish limits of detection; and (iii) to identify potential spectral interferences. In case a critical element of interest can neither be analysed directly nor with acceptable precision (RSD < 20%), elements which serve as proxies should be analysed instead (e.g., Y for heavy REEs, Zr for Hf). Generally, pXRF results need to be re-calibrated with matrix-matched standards to yield accurate results for critical elements (e.g., [25] ). Based on our findings, it is advisable to verify the matrix-match of standards and samples by comparing not only their chemical composition, but also their spectral data. Any elements present in the standards but not in the samples (and vice versa) will cause differences in the XRF spectra and may lead to the erroneous calibration of the samples.
Conclusions
This study used a Bruker S1 Titan 800 portable XRF analyser to characterise critical elements and some element proxies (Ba, P, Nb, V, Co, La, Ce, Bi, W, Zr) in 21 CRMs. Results of this study need to be adapted for other pXRF instruments, but the principle remains valid. Results of the CRM measurements indicate that:
•
Critical elements can be determined in geological materials by pXRF at high concentrations, i.e., when a well-defined element peak is present in the spectra, and/or in samples of little spectral interferences; • Each matrix type has a distinct combination of spectral interferences; • Various elements may cause spectral interferences and hamper the quantification of a specific element (e.g., depending on matrix type V may be influenced by Ti, Cr, Ba or Ce); • Apart from characteristic X-ray lines from interfering elements, Compton scattered peaks (Rh Kα Compton peak on Nb in sediments) and Si escape peaks (Si escape peak for the Ca Kα-lines on P in carbonatites) influence the correct quantification of elements; and • When re-calibrating pXRF results with standards, matrix-match of standards and samples should be verified by comparing XRF spectra.
Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/8/8/320/s1, Table S1 . pXRF raw data; Table S2 . Statistical parameters for all elements; Figure S1 . Spectral interferences on Hf, Ta, and W. 
